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A Pair of Program-Compatible Personal 
Programmable Calculators 

One is a small, portable printing calculator and the other 
is a hand-held version without a printer. Both versions 
feature a "smart" magnetic card reader, and each can 
run the other's programs. 

by Peter D. Dickinson and William E. Egbert 



TWO POWERFUL NEW fully programmable per- 
sonal calculators in the tradition of the HP-65 
(the first fully programmable pocket-sized scientific 
calculator)' are the pocket-sized HP-67. Fig. 1, and 
the HP-97. Fig. 2. a briefcase-portable calculator that 
has a built-in thermal printer, a buffered keyboard, 
and a large easy-to-read display. Both new calculators 
can read and record programs on magnetic cards 
using their built-in firmware-controlled magnetic 
card reader/recorders. 

A novel feature of these two new calculators is that 
they have exactly the same programmable instruction 
set. Even the instructions that are used to control the 
thermal printer on the HP-97 can be programmed on 
the HP-67 and are interpreted as meaningful display 
commands when executed by the HP-67. Programs 
stored on magnetic cards are written in a code that can 
be properly interpreted by either an HP-67 or an 
HP-97. Programs written on either machine can be 
run on the other with appropriate key codes dis- 
played (see Fig. 3). 

Design Philosophy 

The basic design goal of the HP-67 and HP-97 de- 
velopment was to provide moderately priced comput- 
ing tools capable of easily solving real-world prob- 
lems. To achieve this goal, previous HP calculators 
were analyzed for possible improvement, The suc- 
cessful HP-65 contained many innovative features, 
including its magnetic card reader. Other features 
that have been well received by users include fully 
merged key codes, engineering notation, and a pause 
function. A selection of the best features of the HP 
calculator line can be found in the instruction set of 
the HP-67 and HP-97. 

Speed and memory capacity were also considered 
during the design of the HP-67 and HP-97. Portable 
operation was desired, so battery capacity placed a 



major limitation on speed. After several alternatives 
were considered, the low-cost, moderate-speed micro- 
processor used in the HP-91 and the HP-21/22/25 
series 2 was chosen; it yields a system speed roughly 
equivalent to that of the HP-65. 

After examination of hundreds of HP-65 application 
programs it was decided that data memory should be 
easy to address and efficient to use. since 1 7.3% of the 
operations in a typical program were found to be data 
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Fig. 1. HP-67 is the fully programmable successor to trie 
HP-65. Besides having more computing power than its 
predecessor, it is program-compatible with the HP-97 shown 
in Fig 2 

store and recall operations. It was also felt that a 
balance should be provided between program mem- 
ory and data memory. The HP-67 and HP-97 have a 
program memory consisting of 224 fully merged 



program steps and a data memory consisting of 26 
data storage registers. Fig. 4 shows the register struc- 
ture of the HP-67 and HP-97. 

A final design goal was to provide useful new fea- 
tures within the framework of an RPN (reverse Polish 
notation) logic system. Some of these features include 
a "smart** card reader, data read and write capability, 
program merging, a round function, an improved 
pause, and several types of indirect addressing. 

All HP-67 and HP-97 programmable features are 
implemented as microprogrammed firmware for the 
built-in microprocessor. Since these microprograms 
form the basic structure of the calculators, a great deal 
of effort went into producing efficient debugged 
code. To aid in program development, a cross assem- 
bler and a sophisticated simulator/debug system were 
developed for use on an HP 2100 minicomputer. 

Final firmware was implemented in mask- 
programmable read-only memories. It was quickly 
recognized that a significant cost reduction for the 
HP-67 compared to the HP-65 would require im- 
proved packaging of the logic circuits. The multichip 
hybrid and multilayer printed circuit board that made 
the HP-65 possible was an expensive solution, so a 
new chip was developed that combined 1024 10-bit 
words of ROM with 1G 5G-bit registers on a single 
chip. This chip was designed to be packaged in an 
8-pin plastic package, allowing all the HP-67 logic to 
be assembled in discrete packages on a conventional 
two-sided printed circuit board. Fig. 5 shows a com- 
parison of the HP-65 and HP-67 logic boards. 




Fig. 2. HP-97 is a tuily-pro- 
grammable printing calculator 
that tits m a standard attache 
case It weighs only t 13 kg in- 
cluding battery pack 
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HP-67 Program Memory 
Step Instruction Keycode 



HP-97 Program Memory 
Step Instruction Keycode 
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Fig. 3. HP-67 and HP-97 programs are exactly the same, out 
some operations are prefixed in the HP-67 and not in the 
HP-97. Programs recorded on magnetic cards are automati- 
cally loaded correctly lor the calculator being used 

Improved production techniques were also studied 
as a means of improving manufacturing efficiency 
and reducing cost. One of the most significant new 
tools developed for the HP-67 and HP-97 is an au- 
tomatic on-board IC tester designed to speed up pro- 
duction testing and service. The programming capa- 
bility ol the HP-67 and HP-97 made it possible to write 
self-testing diagnostic programs to aid in the produc- 
tion process. 

New Features 

Program memory in an HP-67 or HP-97 is com- 
posed of 224 8-bit steps. Programs are stored in the 32 
56-bit registers contained on two of the new data/ 
ROM chips. To increase programming efficiency all 
programmable operations are stored as single 8-bit 
instructions. Since eight bits only allow 256 different 
operations, a new form of display formatting and 
segmented data storage were used to achieve a fully 
merged instruction set. The HP-67 and HP-97 use 250 
of the 256 possible instructions. 

Among the new features of the instruction set is a 
round function, which rounds the internal represen- 
tation of a number to correspond with the number 
shown in the display. This allows rounding to a 
specified number of digits after the decimal point, or 
rounding to a number of significant digits, depending 
on the type of display format chosen. The round fea- 
ture is particularly useful in financial programs to 
assure that dollars and cents are properly rounded 
during chain calculations. 

An improved pause function allows the keyboard 
to become active during a pause. Data can be entered, 
functions executed and magnetic cards can be read 
during a pause, after which the program will automat- 
ically resume execution. 
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Fig. 4. The HP-67 and HP-97 have a four-register operational 
stack and a register that retains the last number in the X-regis- 
ter. which is the display register There are 26 addressable 
data storage registers, including the l-register, that can be 
used lor indirect control Protected secondary registers can- 
not be accessed directly with SfO and ?cl keys. These regis- 
ters are used most often for statistical functions and program- 
ming, but they can be accessed from the keyboard using the 
p^s key 

Program merging permits the user to add to or alter 
a program that is already in the calculator. The user 
specifies the last step of the current program to be 
preserved, presses r MERGE (HP-97), and loads a card 
containing the new program. The new program then 
replaces the current program starting with the step 
after the one specified. 

An assortment of indexed and indirectly addressed 
operations provide computing power, interest, and 
challenge for the sophisticated programmer, Besides 
indirect store and recall of data, other indirect fea- 
tures include an indirect GO TO instruction, a form of 
indexed relative addressing, and indirect control of 
display formatting. To aid in editing, the HP-67 and 
HP-97 can go to any line number while in either run or 
program mode. 

Other new features include three-level subroutine 
nesting, ten user-definable functions, advanced 
statistical functions, and 14 conditional branching 
instructions. 

The thermal printer of the HP-97 can print pro- 
grams, registers, the entire stack, or just the dis- 
play register. A program can also be traced using the 
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HP-67 HP-65 




Fig. 5. A new combined ROM and datastorage chip mattes 
it possible to put alt the HP-67 logic in discrete packages on a 
conventional two-sided printed circuit board Here the HP-67 
logic board is compared with the HP-65 logic board 

printer, with operations and intermediate results 
printed out step by step to simplify program debug- 
ging. The printer itself is the same as that in the HP-91 
Calculator (see article, page 9). 

I-Register for Indirect Control 

Indirect operations are implemented using the 
I-register. The number in this register can be altered 
using the operations STO I, t x^i, t ISZ i, and 
t DSZ I on the HP-97, or the equivalent key sequences 
on the HP-67. The last two operations increment or 
decrement the number in the I-register by one and 
skip an instruction if the number left in the I-regis- 
ter is zero. 

The value contained in the I-register can also be 
used to control other operations. The ui (indirect) 
function combined with certain other functions al- 
lows the user to control those functions using the 
current number in the I-register. fj uses the number 
stored in the I-register as an address. 

The indirect HP-97 operations that can be con- 
trolled by the I-register are: 

DSP (i), when the number in the I-register is 0 through 
9. changes display formatting so that the number in 
the display contains the number of decimal places 
specified by the current number in the I-register. 
STO (i). when the number in the I-register is 0 through 
25. stores the value that is in the display in the pri- 
mary or secondary storage register addressed by the 
current number in the I-register. 
RCL (I), when the number in the I-register is 0 through 
25. recalls the contents of the primary or secondary 
storage register addressed by the current number in 
the I-register. 

STO + (I), STO - (i). STO x (i), STO -r (I), when the 



number in the I-register is 0 through 25. performs 
storage register arithmetic upon the contents of the 
primary or secondary storage register addressed by 
the current number in the I-register. 
» ISZ (i), when the number in the I-register is 0 
through 25, increments (adds 1 to) the contents of 
the primary or secondary storage register addressed 
by the current number in the I-register. In a running 
program, one step is skipped if the contents of the 
addressed register are then zero. 
I DSZ (i), when the number in the I-register is 0 
through 25, decrements (subtracts 1 from) the con- 
tents of the primary or secondary storage register 
addressed by the current number in the I-register. 
In a running program, one step is skipped if the con- 
tents of the addressed register are then zero. 
GTO (i), when the number in the I-register is 0 or a 
positive 1 through 19. transfers execution of a 
running program sequentially downward through 
program memory to the next label specified by the 
current number in the I-register. Labels A-E and a-e 
are treated as 10-19 for indirect branching. 
GTO (I), when the number in the I-register is a nega- 
tive number between -1 and -999, transfers execu- 
tion of a running program back in program memory 
the number of steps specified by the current nega- 
tive number in the I-register. This can be used to 
branch rapidly to any step number of program memory. 
GSB (I), when the number in the I-register is 0 through 
19, transfers execution of a running program to the 
subroutine specified by the current number in the 
I-register. Like a normal subroutine, when a RTN is 
encountered, execution transfers forward and con- 
tinues with the step following the GSB (i) instruction. 
GSB (i), when the number in the I-register is a nega- 
tive number between -1 and -999. transfers execu- 
tion of a running program back in program memory 
the number of steps specified by the current negative 
number in the I-register. Operation is then like a nor- 
mal subroutine. 

If the number in the I-register is outside the speci- 
fied limits when the calculator attempts to execute 
one of these operations, the display will show Error 
When using the id function, the calculator uses for an 
address only the integer portion of the number cur- 
rently stored in the I-register. Thus. 25.99998785 
stored in the I-register retains its full value there, but 
when used as address (i). it is read as 25 by the calculator. 

Fig. 6 is an example of a program that uses the in- 
direct GO TO and indirect store and recall of data. This 
program, "Follow Me," converts the HP-97 into a 
learn-mode four-function calculator with percent key 
and automatic constant. 

Intelligent Card Reader 

Among the important features of the HP-67 and 
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Fig. 6. A typical HP-97 program illustrating the use ot indirect 
data storage and recall and trie indirect go to operation This 
program converts the HP-97 into a learn-mode tour-function 
calculator 

HP-97 is the '"smart" firmware-controlled card 
reader. In the HP-65 a program was either recorded on 
or read from a single side of the card. The HP-67 and 
HP-97. however, allow both program and data cards 
to have either one or two sides of meaningful informa- 
tion. The smart card reader allows either side of a 
two-sided card to be read first and properly stored. If 
the other side of a card must be read, the display 
shows Crd to prompt the user. Data and programs from 
cards are automatically recognized and stored in their 
proper locations in the calculator. A special merge 



function allows two programs on separate cards to be 
merged together in program memory to form a single 
unit. Either data or program cards can be placed in the 
reader while a program is running and read automati- 
cally under program control. This allows up to 112 
additional program steps or selected data registers to 
be read into the calculator and acted upon without 
user intervention. 

To help reduce programming overhead the status of 
the calculator is normally initialized automatically 
when a program card is read. Display format, 
trigonometric mode, and user flags are set to the state 
they were in when the card was recorded, 

The HP-67 and HP-97 use the card reader de- 
veloped for the HP-65. Although one of the more 
interesting challenges was adapting the card reader to 
the new desk-top package, the basic mechanical de- 
sign and two-track recording scheme that have previ- 
ously been described remained unchanged. 1,3 In 
the HP-65. however, the control of the card reader was 
accomplished in an entirely different fashion. The 
microprocessor was effectively bypassed during read 
and write operations and programs were transferred 
directly between the card reader and the program 
memory via the interface circuit. The smart card 
reader in the HP-67 and HP-97 is made possible by the 
new way that the card reader interacts with the mi- 
croprocessor under firmware control. 

Fig. 7 shows the system organization of the HP-67. 
When a card is inserted into the card reader the motor 
switch is activated, setting an input flag on the card 
reader controller (CRC). The microprocessor, when it 
is not otherwise busy, interrogates the CRC via the I s 
line to see if a card is present. The CRC sends a pulse 
back to the arithmetic, control, and timing circuit 
(ACT) on the PLG line, indicating the presence of the 
card. If the prgm/run swich is in the RUN position and 
the write data function has not been called for. the 
firmware sends an instruction to the CRC indicating 
that a read operation is about to take place and then 
instructs the CRC to set an output flag that turns on 
the motor by enabling the motor drive circuit on the 
read/write chip. As the motor drives the card over the 
head, flux reversals in the magnetic medium are 
sensed by the head, amplified and converted to logic 
levels by the read/write chip, and passed on to 
the CRC. 

The CRC loads the bits into a pair of 28-bit buffers. 
When one buffer is filled the CRC switches over to the 
other buffer and signals the ACT that data is ready to 
be transferred to it via the DATA line. There are 952 
bits on each side of the card, and the card cannot stop 
and wait for the microprocessor to be ready- There- 
fore, once the bits start coming in. the ACT must 
receive, process, and store the contents of one 28-bit 
buffer in not more than the time it takes to load the 
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Fig. 7. System organization of the HP-67 The card reader 
is controlled by the microprocessor so its operation is natural 
and foolproof 

other 28-bit buffer, so that no bits are lost. 

The card passes through the card reader at a nomi- 
nal 6 centimeters per second. Since the recorded 
density is slightly greater than 160 bits per cm. the 
bits must be accepted at approximately a 1-kHz rate. 
But the microprocessor is capable of executing only 
approximately three microinstructions in the one 
millisecond between bits. With the CRC buffering the 
incoming bit stream, however, the microprocessor 
need only concern itself with the card reader every 28 
milliseconds, on the average. It therefore has approx- 
imately 3 x 28 = 84 instruction times to process each 
28-bit record. 

The requirement that cards recorded on any HP-67 
or HP-97 be readable on any other HP-67 or HP-97 
made for additional considerations. First, the card 
reader speed can vary ± 5% of nominal from one cal- 
culator to another. Second, the clock rate controlling 
the microinstruction execution rate can vary ±5% of 
nominal from one calculator to another. The firmware 



had to be designed taking worst-case values into ac- 
count, so a card recorded on a calculator with a slow 
card reader and a fast clock can be read on a calculator 
with a fast card reader and a slow clock without any 
bits being lost. This meant that the microprogrammer 
had to assure that each record could be processed in 
something less than 84 instruction times. 

Card Format 

Fig. 8 is a photograph of a magnetic program card 
with the recorded information made visible. The first 
28-bit record on the card is the header, which carries 
machine status information if the card is a program 
card. It must be decoded for one of six card types: 

■ One-sided program 

■ First side of two-sided program 

■ Second side of two-sided program 

■ One-sided data file 

■ First side of two-sided data file 

■ Second side of two-sided data file, 

The decoding of the header determines where the 
remainder of the information on the card should be 
stored and whether or not the user should be prompt- 
ed to turn the card around and read it again by dis- 
playing the message Crd 

The next thirty-two 28-bit records are either 112 
program steps (3'/ 2 program steps per record) or 16 
data registers (Vz data register per record). Since the 
program and data storage memories are actually iden- 
tical groups of 56-bit shift registers, records must be 
packed, two per register, prior to storing. The pro- 
cess of storing each record also includes adding it to a 
running sum of all the previously read records to form 
a checksum. This computed checksum is compared to 
the recorded checksum, which is the last record on 
the card, to see whether any errors occurred in the 
reading process. If an error did occur the firmware 
clears memory and notifies the user by displaying 
Error. 



. Header 
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Side 1 




Side 2 



• Checksum 



Header • 



Fig. 8. A typical two-sided program card with the magnetic 
information made visible. The header tells the firmware 
what kind of card it is and carries machine status information 
Following the header are either 1 12 program steps or 16 data 
registers The last record on the card is a checksum. 
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Writing a card is fundamentally the same process in 
reverse. Writing is attempted if a card is inserted into 
the card reader with the PRGMRUN switch in the PRGM 
position or if a write data command has been issued 
either from the keyboard or by the program in the RUN 
mode. When the card reaches the head, the head 
switch is activated. If the corner of the card has not 
been clipped to protect the card, the write protect 
switch will also be activitated and writing will com- 
mence. The firmware generates and transfers to the 
CRC the 28-bit header record for clocking out onto the 
card via the read/write chip. Then the appropriate 
program or data registers are retrieved, unpacked, 
and transmitted to the CRC. Each record, as it is pro- 
cessed, is added to the checksum, which is then re- 
corded as the last record. If an attempt is made to write 
on a file-protected card, an error flag is sent from the 
CRC to the ACT. the firmware generates an Error dis- 
play, and the card is passed without modification. 
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Portable Scientific Calculator Has 
Built-in Printer 



It's the first of a new generation of small, portable, printing 
calculators that operate on rechargeable batteries or 
line current. 

by Bernard E. Musch and Robert B. Taggart 



IN THE FOUR YEARS SINCE the introduction of 
personal portable computing to the engineering 
and scientific community, calculator users have 
become increasingly more demanding in the capabil- 
ities and features they require. This has led to a 
succession of progressively more powerful and less 
expensive calculators with improved performance 
in both functions (firmware) and hardware. The 
HP-91 (Fig. 1) is the first of a new series of HP pro- 
ducts that follow this general trend. Two others are 
described in the article beginning on page 2. 

Not only will the HP-91 solve the user's engineering 
and scientific problems, but it will solve them more 
accurately than many earlier calculators, and it will, 
if the user wishes, write problems and answers down 
for him. There is nothing conceptually novel about a 
printing calculator. Long before electronic calcula- 



tors, mechanical adding machines provided output 
on paper tape. What is new in the HP-91 is the thermal 
printing technology that provides a small quiet 
printer with 5.7-cm-wide tape, the desk-top-sized 
keyboard for ease of touch entry, and a large, easy- 
to-read display all in a 23x20x6-cm package that 
fits easily into a standard attache case and weighs 
only 1 .13 kg including a self-contained battery pack. 

What It Prints 

One of the most important decisions that had to be 
made in functionally implementing the HP-91 was 
what information to print on the tape and in what for- 
mat. Providing meaningful printout on a reverse 
Polish calculator did present some interesting chal- 
lenges. Since we could easily get 20 characters on the 
tape, and since the longest possible number is 15 




Fig. 1. HP-9' Scientific Printing 
Calculator fits in a standard 
attache case and weighs only 
1 !3 kg including battery pack 
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Problem: 

Compute the length (L) ot a bell connecting two pulleys ol known di- 
ameters (d. and d;) and center-to-center separation (c). 




L = 7rd 2 - (dj-d,)(tanii-4) 



ii= cos 



d z -d - 
2c 



HP-91 Solution: 

Assume d; = 150 mm 
dj = 250 mm 
C = 650 mm 

Mode Switch: had 
Display Mode: fix s 

Key Sequence iso sio i aso sro 2 sso sto 0 rcl 2 rcl 1 - bcl 0,2 

- COS"' STO 3 RCL 2 it « RCL 2 RCL 1 - RCL 3 TAN RCL 3 



Print Switch: norm 

am 

J 31'. O0t>Cit' % I 

Aii.tmwa 9 i 

» i 
» I 

A 0 



CM* 
i 3 
i i 
• 

A 

► i 
t 1 

C 3 
I* 

» ! 



User presses print x to print 
answer. 



Print Switch: ali 

jMl.uK>bi> a J 
rtO.MOdfi ■ .- 
oMJ. bOuuij i 0 
t i 

230. uyOi/0 aaa 
A 1 

I JO. MUM m 

100. MUM ••• 
» 0 

eiu. ouOOo ••• 

u.i!3SS m 
. . vuuu£' 4 

cer*?.- am 
tos- 

I.M3M ■•• 

i ; 

( 2 

/J.-.LW/M- AAA 
t 

3.14189 AAA 

ftt.HtU Ml 

A i 

.-iy. uyjui aaa 
» I 

i5U.u00£lL' AAA 

Juu. uuouu aaa 

A i 
J.A-jo. «■■ 

htf 

HlSttM AAA 

II 3 

J.A.-jo^ AAI 

li.4e."ee aaa 
]14f*7iM3 AAA 

IXJAUltfSf AAA 



Fig. 2. Sample problem illustrates HP-91 printout modes In 
all mode, the problem can be recreated simply by pressing 
every key printed, reading left to right and top to bottom, 
and ignoring all answers, which are identified by '" 

characters long (ten mantissa digits, two exponent di- 
gits, one decimal point, and two signs), there is 
enough extra room on a line for a single space and a 
four-character function mnemonic. The user may 



command the machine to print an answer by pressing 
the print » key. To distinguish a printed answer the 
mnemonic field is flagged with *** to catch the eye. In 
addition to print x there are three functions that 
output only and have no effect on the calculator's 
memory or display; they merely list the contents of 
certain registers with appropriate mnemonics. LIST 
Stack lists the operational stack with stack designa- 
tors. X.Y.Z. and T. LIST REG lists the contents of the 16 
data storage registers with register-number desig- 
nators, list i lists the contents of the statistics regis- 
ters with the designators N, IX, 1Y, IX 2 , 1Y 2 , SXY, 
since these are the values in these registers if their 
contents have been accumulated by means of the 
key. The calculator's response to the print x or the 
LIST functions is the same in all print modes. In MAN 
(manual) mode the printer is disabled unless one of 
these functions is called for. 

A reverse Polish calculator is ideally suited to pro- 
vide a recorded history of a problem. The mode that 
causes the HP-91 to do this is NORM (normal). In 
normal mode every keystroke, whether digit entry or 
function, is faithfully recorded on the tape. The de- 
sign objective was to make it possible to recreate a 
problem merely by consulting a tape generated in 
normal mode. An example is shown in Fig. 2. Digits 
are printed as entered, regardless of display format, 
except that trailing zeros are added to fixed-point 
numbers, if possible, to fill out the field and line up 
the decimal points on the tape. Answers printed by 
the print x key or list functions are in the user's 
chosen display format. Answers can be printed at 
any time by pressing print x When recreating the 
problem all the user needs do is press every key (digit 



Printing on the HP-97 

The HP-97 uses the same printer mechanism and electronics 
as the HP-91 The tape format for the two machines is also very 
similar All the printing operations of the HP-91 are found on the 
HP-97 as programmable instructions with the exception of list i 
which is easily implemented by writing a small program. 

Differences between the two machines are, for the most part, 
the result of the fact that the HP-97 is programmable while the 
HP-91 is not For example, the all mode of printing on the HP-91 
corresponds to Ihe trace mode on the HP-97 When running a 
program, trace mode records the step numoer and mnemonic 
of each instruction as it is executed as wen as printing inter- 
mediate answers Such a listing can be used to trace the execu- 
tion of a program to isolate errors The HP-97 can also print 
program listings with optional printing of keycodes Printing a 
program is, of course not programmable Effective use of the 
HP-97 printer can simplify the task of writing, debugging and 
documenting a program and make output results permanent for 
later use. 

-William E Egbert 
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entry or functions) printed in the tape reading left to 
right and top to bottom and ignoring all answers 
(numbers tagged ***). 

In ALL mode the answer for every function is print- 
ed on the next line after the function key is pressed 
and its mnemonic is printed. One way to think of ALL 
mode is that the machine is doing an automatic print x 
after any function that could change the value of the dis- 
played X register (other than ENTER t, storage opera- 
tions, or clearing operations). In ALL mode, functions 
that provide more than one number in an answer 
(P-»fl. R-*P, LR, X, S. RCL i I ) print both numbers with 
appropriate mnemonics to distinguish them. 

Hardware Organization 

Fig. 3 shows the organization of the system hard- 
ware. Regular HP |ournal readers may recognize this 
system as being very similar to the HP-21'22/25 calcu- 
lator series' and in fact this is the case. The main 
system processor (ACT), the ROMs, and the data stor- 
age circuit are essentially the same as those used in 
the hand-held calculators. Only two new integrated 
circuits had to be developed for the HP-91 . the 14-dig- 
it cathode driver and the printer interface control and 
keyboard buffer circuit (PICK). 



Fig. 3. HP-91 uses the micro- 
processor aeveiopeo ior the 
HP-21 series ot Docket calculators 
Two new circuits in the HP-91 are 
the 14-digit cathode driver and the 
printer interlace control and key- 
board butter {/ten,. 

Because the combination of complex scientific 
functions and shuttle-head thermal printing oc- 
casionally keeps the system processor busy for ex- 
tended periods, it was decided to buffer the keyboard 
so that keystrokes are recognized regardless of the 
state of the system. This is particularly important be- 
cause the keyboard mechanism is specially designed 
for this series of calculators; it has a positive but light 
feel that is ideally suited for rapid key entry. 

Since the new PICK circuit was required for printer 
control anyway, we decided to include a seven- 
keystroke-deep buffer on this device. Every key- 
switch has two contacts, one connected to one of the 
four key lines that input to the PICK, and the other 
connected to one of the 14 digit drive lines from the 
cathode driver. Contact is made when the key is 
down. The reset cathode driver signal (RCD|, which 
synchronizes the digit scan to the display informa- 
tion in the ACT. is also fed to the PICK, so when one of 
the key lines is pulled down, an appropriate eight- 
bit code generated by a counter is loaded into a first- 
in-first-out shift register. The contents of the key buf- 
fer are shipped out on the DATA line when the pro- 
cessor is ready for another key. 

Since the main system key register is not used to in- 
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Pul number lo be primed In a working 
register (proper formal). 



Generate a airing of he»edeclmal dlglta 
corresponding to the PICK ROM address 
of the desired mnemonic characters. The 
leftmost digit must correspond to the 
address of the carriage return. 




Shift number to be printed to C-register 
(data line) Insert carriage return at 
e«treme left. 




Issue number 
print instruction. 



Fig. 4. Flow chart lor printing a typical line containing a tour- 
character mnemonic on the right and a 1 5-character numeral 
held on the letl 

terrogate the keyboard, we connected the ACT key 
lines to the calculator's three-position mode 
switches. Toggling the software-settable output flag 
on the ACT makes the ACT's key buffer respond to a 
dummy "key down" signal and as a result the con- 
tents of the buffer indicate the position of the two 
mode switches at any time. 

The other function of the PICK circuit is to control 
the printer. The printer can print any of 64 5 x 7-dot- 
matrix characters, at least one of which must be a 
special end-of-line or carriage-return character. The 
characters are specified as mask-programmable ROM 
on the integrated circuit so that future machines can 
use other character sets and the characters may be 
shifted about to minimize the printing portion of the 
microprogram. For information exchange with the 
ACT. the PICK circuit resembles a high-order data 



storage device and the information to be printed is 
transmitted serially along the DATA line. 

Two of the printer-related instructions that actuate 
the PICK are translated as "Is the printhead in the 
home position?" and "Has the carriage-return char- 
acter been encountered in this print line?" If either 
answer is true the PICK will pull up one of the ex- 
ternal flag lines on the ACT. When it is determined 
that the printhead is in the proper position for print- 
ing, one of five possible print instructions, which we 
call PRINT 0. PRINT 1, PRINT 2. PRINT 3, or PRINT 6, is 
issued. A six-bit address is required to select one of 64 
characters, but since the ACT processes data in either 
BCD or hexadecimal four-bit digits, it was thought ad- 
vantageous for the printer to respond to four-bit ad- 
dress inputs. This is particularly useful when print- 
ing only numerals that have been built up into four- 
bit digits for display purposes. The PRINT n instruc- 
tion causes the PICK to add 00 lo each four-bit digit 
on the data line to complete the full six-bit address 
and print the appropriate character. PRINT l adds 01. 
PRINT 2 adds 10. and PRINT :i adds 11. The print 6 in- 
struction takes the DATA line output and processes it 
six bits at a time to print any of the 64 characters. 

The data word is only 14 digits (56 bits) long, but 
the printer can print up to 20 characters in a line. Ad- 
ditional print instructions may be issued after the 
head has printed the last character and has encoun- 
tered the first carriage return, but before the printer 
control electronics has had time to reverse the lead 
screw driving the head and begin it on its trip home. 
For example, a typical line of print that contains 
both a four-character mnemonic on the right edge 
and a 1 5-character numeral field on the left can be 
printed using the flow of logic as shown in Fig. 4. 

Thermal Printer 

The HP-91 printer is a moving head, thermal 
printer that prints alphanumeric characters using a 
5x7 dot matrix. It prints from right to left (right justi- 
fied) and advances paper on the return stroke. Lines 
may contain from 8 to 20 characters; the short line ca- 
pability gives more throughput for most applications. 

The HP-91 printer prints 20-character lines at less 
than one line per second and eight-character lines at 
1.5 lines per second. As the printhead moves from 
right to left it prints only the number of characters 
required before returning to the home position. An 
advantage of the relatively slow line speed is a re- 
duction in the instantaneous power required: this is 
important in a battery-powered calculator. 

Thermal printing was chosen because the mech- 
anism is simpler and lighter than an impact printer. 
In fact, an impact printer capable of printing alpha- 
numeric characters, and small enough and light 
enough to fit inside the HP-91. did not exist. Electro- 
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static and electrosensitive printing do provide sim- 
plicity and light weight, hut we felt that thermal 
paper looked better than metallized paper. 

The choice of a moving head instead of a fixed head 
was based on cost. The technologies available within 
HP for making printheads are thick-film and thin- 
film. A cost comparison showed that, using either 
technology, the mov ing he.nl concept Would he leSS 
expensive than the fixed head concept. The addition- 
al mechanism to move the head had to be kept simple 
for high reliability and low cost. A simple mechanism 
design combined with extensive use of injection 
molded plastic parts helped meet the cost goal. 

The choice between thick-film and thin-film tech- 
nology was based on performance. Above 15 char- 
acters per second the thermal mass of the thick-film 
resistor becomes critical, and the thin-film element 
becomes attractive. The HP-91 printer operates at 28 
characters per second, which means that the head re- 
sistors must heat up to several hundred degrees centi- 
grade and cool down below paper threshold tempera- 
ture in less than 5.1 milliseconds. 

Each printed dot is the result of a color reaction in 
the paper, which is coated with two types of pulver- 
ized thermoreaction compounds and a binder. When 
heat is applied, a chemical reaction takes place that 
changes the color of the paper at the point of heat. 

Thin-Film Thermal Printhead 

The printhead consists of a column of seven 
10-ohm thin-film resistors on a ceramic base 0.64 cm 
wide by 2.0 cm long. When energized by electrical 
pulses the resistors heat to 350°C. As the head travels 
across the width of the heat-sensitive paper the 
pulsed resistors leave a trail of dots that form the 
seven-dot-high-by-five-dot-wide printed characters. 

The printhead had to be mass-produced at high vol- 
ume. This was another reason for choosing thin-film 



Y B = 4.4Vr 
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= 85jis 
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Fig. 5. Print intensity control compensates tor changes m 
Cattery voltage by varying me duty cycle ol a tixeO-lrequency 
signal 



technology over the thick-film approach. 

The printhead substrate is 99.5% aluminum oxide 
ceramic. There are four layers on the substrate: an 
outer protective "wear-layer" of aluminum oxide, an 
aluminum conducting film for interconnections, a 
tantalum-aluminum resistive film forming the print- 
dot, and finally, a glaze that acts as a thermal barrier 
between the resistor and the ceramic body of the 
printhead. The three thin-film layers — the wear-layer, 
the aluminum, and the tantalum-aluminum — are all 
deposited by sputtering. Argon ions formed in a low- 
pressure glow-discharge are accelerated toward a 
cathode composed of the material to be deposited, 
e.g. aluminum. This ion-bombardment causes mater- 
ial to be ejected or sputtered from the cathode and de- 
posited on the substrate. This technique can readily 
be controlled to deposit films with reproducible com- 
position, resistivity, and thickness. The resistor and 
conductor films are patterned by photolithographic 
techniques similar to those used to fabricate integrat- 
ed circuits. 

The glaze underlying the print-dot must be thick 
enough to permit the resistor to retain heat and 
develop the paper but thin enough to allow rapid 
resistor cool-down to avoid elongation or "smear- 
ing" of the printed dot. This thickness proved to 
be about 60 micrometers. Since each of the seven 
print dots undergoes, on the average, two 300°C tem- 
perature cycles per character printed, the wear-layer, 
resistor film, and glaze must have compatible ther- 
mal-expansion coefficients. In addition, the wear- 
layer must be chemical and abrasion resistant to pro- 
tect the relatively thin (0.3-micrometer) resistor film. 
The interconnections, one common and one for each 
of the seven resistors, were required to add less than 
0.75 ohm: this dictated a 4-micrometer-thick alumi- 
num film. 

The resistive elements are on a mesa about 10 jim 
high. Tests have shown that this provides better con- 
tact with the paper, creating a better dot image at 
lower power and lower head force. 

Printer Drive Circuits 

One of the challenges in developing the HP-91 was 
to find efficient and inexpensive ways to control the 
motor speed and print intensity. A motor speed con- 
trol circuit is necessary to keep the length of the print- 
ed line constant even though changes occur in 
moving friction and in the motor supply voltage (the 
battery). The speed control technique used is a com- 
bination of analog and digital. 

The motor drive circuit is a seven-transistor circuit 
that drives the motor forward, reverses it. or brakes its 
rotation. The brake capability stops the reverse 
motion quickly when the printhead carriage reaches 
home position. This permits narrow margins and 
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maximizes the printed line length. 

The motor speed control circuit samples the gener- 
ated voltage of the drive motor by turning the drive 
power off briefly and treating the motor as a 
generator. The measured voltage, which is propor- 
tional to the speed of the motor, is compared to a con- 
stant reference. If the measured voltage is greater than 
the reference voltage, the motor is turning too fast and 
power to the motor is removed until the generated 
voltage falls below the reference voltage. If the mea- 
sured voltage is less than the reference voltage, the 
motor is turning too slowly, so power to the motor is 
restored immediately after the sample time. The 
sample rate is fast (several hundred samples per sec- 
ond) and the motor mechanical response time is 
much longer than the sample period, so the motor 
smooths out its pulsed input power and turns at a 
steady speed. The speed may be changed by changing 
the value of the reference voltage. 

To maintain a uniform print contrast, the thin-film 
head resistors must develop approximately the same 
temperature each time they are energized. The same 
temperature must be attainable even with changes in 
battery voltage. A constant resistor temperature pro- 
file requires an applied voltage with a constant rms 
value. The print intensity control, or power regulator, 
generates the required voltage by varying the duty 
cycle of a fixed frequency signal in a nonlinear 
manner in response to changes in the battery voltage 
(see Fig. 5). 

Generation of the signal is by analog computation. 
The duty cycle for constant rms value V RMS with 
battery voltage V B can be computed as follows. 



V 



RMS 



T, 



Vl dt 



(1) 




Comparator 



Vc 



V„„ s = V B \ 

■p 

= Conslanl 



Vout 







» v B 




T, 








\ 



or 



Fig. 6. Simplified diagram ot the circuit that monitors the 
battery voltage and vanes the duty cycle ot the print signal to 
stabilize its energy content 

This function is generated by a circuit that monitors 
V B and supplies a time T, in response to it. A simpli- 
fied diagram is shown in Fig. 6. By careful selection 
of T 0 . R. C, and V REF , the function of Equation 4 is 
evaluated to within one percent. 

The frequency of this variable duty cycle signal is 
about 10 kHz. The signal modulates the applied resis- 
tor voltage, as shown in Fig. 7. but because of the 
high rate of modulation, the head resistor temperature 
profile does not follow the instantaneous signal but 
responds to the rms value or heating value of the 
signal. 

Since the power control is basically a pulse modu- 
lation scheme, it is very efficient and well suited to 



T i 

Vrms ==t-V b 
1 p 



So. duty cycle equals 



T, ( Vrms V = K 0 
T n ^ V» ' Vl 



or since T p is constant. 



T, =4r orT, = F(V~ B 2 ) 
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One Dot 
Time 



Fig. 7. The variable duty-cycle signal has a frequency ot 
about 10 kHz This signal modulates the voltage applied to 
the resistors on the thermal pnnthead The resistor tempera- 
ture responds to the rms or heating value ol the composite 
signal 
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battery operation. The actual head drivers are seven 
NPN high-gain transistors. These receive timing and 
modulation information from the PICK (printer inter- 
face chip). Fig. 8 shows a block diagram of the motor 
and head control. The PICK chip supplies the timing 
to control the printer functions. 

Printer Mechanism 

The printer mechanism consists of three major sub- 
assemblies: the paper feed assembly, the printhead 
platen assembly, and the printhead drive assembly. 

The paper feed assembly uses a cam/clutch arrange- 
ment with polyurethane drive rollers for feeding 
paper. The paper is pinched against the drive roller 
by two spring-loaded pinch rollers that require no 
adjustments. 

Printing is done "on the fly." To simplify the me- 
chanism, the printhead is always in contact with the 
paper. The printhead is mounted in a carrier that is 
threaded onto a lead screw and guided by two stain- 
less steel rods set in a plastic mainframe. The lead 
screw is driven by an ironless d.c. motor through a 
gear reduction. Gears are molded out of polycarbon- 
ate, with glass and teflon to hold tolerances to 
AGMA-8 quality and for noise reduction. The iron- 
less dc motor is used for its size, high efficiency, and 
low inertia. 

The printhead moves back and forth against a pla- 
ten. The platen, mounted in a platen holder assembly, 
is fully floating and is spring loaded against the 
printhead to assure proper contact. 

The extensive use of plastics made this mechanism 
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Fig. 9. Printer mechanism 

a real challenge for both the mechanical designers 
and the injection-molding tool designers. To save as- 
sembly time, the entire printer frame is molded in one 
piece with some tolerances held to ±25 /xm. The head 
carrier must withstand high temperature and wear, 
and must be held to tight parallelism tolerances with 
a threaded hole for the drive screw. The rubber drive 
rollers are made with a double-shot process of injec- 
tion-molded urethane over an ABS hub. The platen is 
made of an injection-molded, high-temperature, cer- 
amic-like plastic called PPS. Much development time 
was spent on the platen to assure high quality. If the 
printer should run out of paper, the printhead will 
print directly on the platen. Since some parts of the 
printhead can reach 350°C and more, this presents a 
severe challenge for plastic. By solving the problem 
with injection-molded plastic, a low-cost but high- 
quality platen was achieved. The platen is designed 
to withstand direct continuous printing without 
paper for over 72 hours. 

The printhead resistors are driven with the battery 
voltage of approximately five volts. To reach printing 
temperature in three milliseconds requires about 1.1 
watts, which means that over 500 milliamperes must 
flow into each printing resistor. If four or five dots are 
printed at the same time, the current level can ap- 
proach 2.5 amperes in the common lead of the head 
and the flexible cable. This created some difficult 
problems in the circuit design and in finding a flex- 
ible cable to pass that much current. The flexible 
cable conductors must be wide and thick to avoid 
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high resistive losses, but the thicker the copper, the 
more difficult it is to make it flex for millions of cycles 
without stress fatiguing in the tight bend radius re- 
quired by the small package. The cable materials and 
adhesivesall affect the fatigue life of the copper. After 
many iterations and extensive testing, a Kapton- 
copper-Kapton sandwich laminated with special 
adhesive was selected. 

Because the cable connectors are copper and the 
printhead interconnects are thin-film aluminum, 
conventional solder bonding was not possible. Ultra- 
sonic-wire or stitch bonding provided the answer. 
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The New Accuracy: Making 2 3 = 8 

by Dennis W. Harms 



One ol the engineering efforts that made the HP- 35 possible 
was the development of the algorithms for the mathematical 
functions This work was done by David S. Cochran ' These 
algorithms have served the HP hand-held calculator family well, 
but have now been replaced by more accurate ones on the 
HP-91 As one of the more obvious examples of the improve- 
ment. 2 3 = 8 000000003 on the HP-35 but 2 3 = 8000000000 on 
the HP-91 Other examples of the improvement are shown in the 
table below 

OPERATION HP-35 HP-91 

'O 52 9 99999 99£4 . IqS' i (jOOOO 0000 » 10 52 

25 s 97656 25 055 9*656 25 000 

9 s 59049 00020 59049 00000 

15 S '59375 0034 759375 0000 

error -800000 0000 

in M 000011 9999900000 * 10~ 6 9 99995 0000 ■ 10" 6 

I" i 999951 -5 00012 0000 x 10~ 5 - 5 00012 5004 » 10"* 

14* 89 999999- 5836350016 57295779 51 

!an9000000r -5882352941 -5729577951 

snOOOOOOOOOl' 17»10" 9 1 745329252" 10~ 9 

tm3599999999 I -2 18*413879 - 1 7*53292S2« 10* 9 

!ar 72F 4 00000 0000 ■. 10" 9 0 00000 0000 

tar (7 20 • lO^r 2 02975 2090 0 00000 0000 

The overriding consideration in the HP-35 was saving ROM 
(read-only memory) Only three ROMs of microcode were used 
to implement all the functions of the calculator Better accuracy, 
comparable to that of the HP-91 . would have consumed two addi- 
tional ROMs and would have increased both the size and cost of 
the HP-35 Since the slide rule was the standard of the day. the 

"Thts rjiscustron is essentially the same as a Dape* presented Dy the author at Electro 76 
h Boston Massachusetts USA May 11-14 1976 



improvement in accuracy bought by these additional ROMs 
did not seem wonh the expense 

Two things have happened to make the additional ROM worth 
the cost First, ROM has become cheaper and smaller by a 
lactor ot four Second, calculators are now being applied more 
widely than originally anticipated, and users now have a higher 
level of sophistication and expect the same from their calcu- 
lators. Programmable calculators, especially, require greater 
accuracy The user ot a nonprogrammable calculator monitors 
nis calculation step by step, so unreasonable intermediate 
results caused by algorithm inadequacies are recognized when 
they appear However, when a calculator is programmable, the 
user is often aware of only the input and the final answer 

Avoidable and Unavoidable Errors 

Displayed errors can be divided into two types, avoidable 
and unavoidable The first is caused by inadequacies m the 
algorithms Examples of this type of error are shown in the table 
above and are typified by 2 J = 8 000000003 This type ot error 
has been almost completely eliminated from the HP-91 

The second type of error is the unavoidable error caused by 
using finite computers to approximate nonfimte processes For 
instance, the oecimal representation of 1 7 is the repeating non- 
fmrte decimal 

117 = 0 142857 142857 142857 ... 
whch cannot be represented exactly with ten figures. The 
closest approximations are. 

0 142857 1429 (closest) and 
0 142857 1428 (next closest) 
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When we write 

1/7 = 0 142857 1429 
we are lying only by a little bit Unfortunately, 

1/(0 142857 1429) = 6.99999 99979 00000 00062 99 
which rounds to 6 99999 9998 instead of 7 Therefore, the cal- 
culator cannot satisfy the identity 

1/(1/7) = 7 

This is not a mistake it is an unavoidable consequence of 
rounding 

There is no ten-figure approximation to 1 7 whose reciprocal 
rounds to 7 To see this, let us look at the next closest approxi- 
mation to 1/7. 

1/(0 142857 1428) = 7 00000 00028 00000 001 12 
which rounds to 7 00000 0003 instead of 7 This is farther from 7 
than the reciprocal of the other approximation to t/7 
Perhaps the best way to avoid the confusing statement 
"1/(1/7) = 6 99999 9998 

is to write 

IWWvitQ " 6 99999 9998 
where the subscript 10 indicates a rounding to 10 places 

How Improvements Were Achieved 

Accuracy in the HP-91 has been improved principally by re- 
writing the algorithms subroutine structure An example of this 
is with the y" routine All HP calculators calculate y' by the 
formula 

y - = e" * » 

This is evaluated by subroutine calls to In. multiply and ex- 
ponential On the HP-35 these subroutines were identical to the 
keyboard functions of the same name The function y" did the 
same thing as the key sequence 

x=y. In, x, e* 

It is not surprising then that 2 3 = 8 000000003. for this answer 
has been subject to three intermediate roundmgs. The improve- 
ment was made by rewriting the basic subroutines to allow for 
carrying intermediate results to extra digits Enough extra 
digits are earned and carefully looked after to assure the 
desired accuracy Special subroutines of this type are also 
used m the trigonometric functions, in rectanguiar-to-poiar 
conversions, and m polar-to-rectangular conversions 

The second method of improving accuracy is fo trap critical 
arguments and calculate the functions at these arguments in a 
special way These critical arguments include numbers near 1 
when calculating In or log. numbers near 0 when calculating 
sin"', cos" 1 , or tan"' and numbers near zero or mul- 
tiples of ;t'2 when calculating sin. cos. or tan 

Another improvement was made by prescaimg the trigono- 
metric functions m the user s units The HP-35 convened de- 
grees to radians and then subtracted multiples of 2-n to convert 
the input argument to the unit circle This made tan 720° = 
4 x 10~ 9 On the HP-91. if the calculator is m degrees or 
grads. multiples of 360 or 400 respectively are subtracted until 
the result is withm the unit circle This makes tan 720* = 0 and 
improves symmetry properties of the trigonometric functions 

Possible Improvements 

There is a point where the new algorithms appear at first 
glance to be less accurate If we calculate tan tt m radians, the 
answer is 4 10 x 10" 10 on the HP-91 whereas the HP-55 yields 
0 This is misleading, for jt on the keyboard should really be 
labeled tt, 0 , showing that it is ten digits of tt Thus 

»r 10 = 3.14159 2654 
Totendigits. tan ir, 0 = 4 120676150 x 10 ,c One can see that 
the HP-91 gives the better answer to this problem 

The reason that the HP-91 does not give the correct answer 



is that prescaimg is done with a finite-length tt To give the 
correct answer to this problem, a tt of length 20 would have to be 
used It can be shown that to produce the correct answer to all 
trigonometric problems m radian measure, it takes a tt of length 
120 The HP-91 actually uses 13 digits Of tt 

Another place where the accuracy can be improved is in the 
statistical functions If the following data is put into the HP-55 
using the i+ key. the standard deviation is not calculated 
exactly 

6666666123 
6666666246 
6666666369 

The standard deviation calculated is 0 000000000 instead of 
the correct value of 1 23 0000000 This prooiem could be solved 
by storing different sums in the statistics registers However, 
the sums that are now stored are useful for vector arithmetic 
The user can usually avoid this problem by leaving oft the 
redundant leading sixes If the data is keyed m as follows, the 
correct standard deviation is calculated 

123 

246 

369 
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FEATURES AND SPECIFICATIONS 

HP-91 Scientific Printing Calculator 



PRINTER FEATURES 

PRiNT MOOE 
SWITCH 

print * 
list stac* 

IISTS 
LIST REG 



Sa-aClB pr-Jtrmg fnooci 

»Ou can b*"» noffurq agH arw«aa «-i3 lurear>t cr 

OgW iwm funcwn a*d mun 

Puma ma aapiavpa "-"wo- 

MM ""o mwi t*a avMM w ««■ asMM 

Pn-ta »«a un »»• conin o* au-niaw 



Rrmi ana w» im «mann ^ M wvmbc* 

PAPER AOWAVCE tot-w tr>e pu* Ai i*» w~« Mm MM «"0'1 

ana wt ** opwai'o-a 
mathematical FUNCTIONS 

ANGULAR MCOE SMCia oag*tn>> •aaara » g-w« "WOo 

SWITCH 

Sn Co* T#n Tngonon«a>c ^aVftORI 

Coa"' a^o M hNnkM 

*i a* Nahsai iag a*d a-a-jg 

Wg *C* Cofnmoo tog and aniKs 

jr 1 r ■ ■ ., 'uWC 

-*Pj — P HRatatMpal boa* coo>»iaia co-va'*w 

h MS - hvS- Ti<-» ia"s>*> aoe^cr ana ajtirafflo' in noun mn 

>»aa ana aacona* ano "c/a 
— h MS m MS — T»«a a- ■ . - . ■ - ■ oamaa" nou'i "»"ufaa 

a~o aacoma and •oci 
U \» * •» . ^. . 

• - « - AMfma*c hirc*c*a 

% Pa-aa« 
AH "atari oVwata 

*tS "»•■:•— o< >o«j 

STATISTICAL FUNCTIONS 
1- AKuntutatat • * r 1 »i - 

1- : a - 

I Ma»*— t*o .a-ao** 

■ StAWO oaotfio*!— t*e «B-aD*« 

L" - " - - II- I"'. I 



DATA MANIPULATION OPERATIONS AMD ST OR AO C FUNCTIONS fOR 
U REOiSTERS 

ENTER* Saowaiaa "wmancai art«aa 

•=> Eicna^tgaa icnwis <* * ana y use* rmjmw-t 

°. Rca iii-- n*wa o> »i« » '•guru 

R" Ros» jc conMnta aiaca -agnfa-t 

C"S Cnancaa <*« aign fl a -u—Da- 

£EX E-'Knirf-**": 1 - .—^m-f"r 't-1 ' ir 

LAST i flacai* lav - . atta* an 

■ Qo>0 **"*< kai aa'acti 'jfdio-a armae li 39c v 
•ayooa-e 

STO Siwae aapayM »rM m afwttaao* /99mm 

*ao *aaa a»nr> anpunatic 'jwitwa * iui^ ""t)* 
HI a'thmat 



"Cfc Racan a MM 'a t"a aapiai to" an aoo>«ta 
•MrMMl 

OiSPLAV AND CLEARING OPTIONS 

HA Se-i » tea SMMpI "Wahor tap a> 

SO s«ia aoaritlte noe«Bo»i »ap«, 

f*3 tan angc«a!t--g "cucor atfi , 

CL* C<a« *»oie>- 

CEAR v- . ■ - . . - . . *•« LAAI • 

•aalaaV 

Cl Can - . R- R, 

CL3 Cwari lummattfi" >agiim 0 0 R 1 

PHYSICAL SP«CinCAT>ONS 

CALCULATOR WOT- HU -in- 1| tnj 
C*tCULATOO OEPfH K0J"*<I*| 

Calculator meomt 63 s m f z s <•> 

CAtCLILATCfl WE>GhT 'ISaotSSt)' 
recharger WE-OhT Ml 1 ,« I or 
SHIPPING WEIGHT 3 H He tT IB, 

OPEftA'iNG TEMPERATURE RANGE TC « SCC tW« 10 IVf) 

charging temperature range io-c 10 atrc w* » io***i 

STORAGE TEMPERATURE RANGE - *OC V) SS'C I .affP ro 1 Jl"*» 
Pi«6» TEMPERATURE RANGE (eMSIIni •"<• ato-aoa! iffC W 49 C 
W • IS-FI 
POWER REQUIREMENTS 
AC "Soi »} V I'D**. SO lOOCHi 

BATTERY S 0 Wot to* i«ami/» txnar, aai> 

price in us. A kP ii |a;s 

MANUFACTURING OIV-SION CORvAlliS OfVcSON 

'OOCNE Ooa ■aWaMSNl 
OWMi Ono-. S7330 U S A 

FEATURES ANO SPECIFICATIONS 

HP-67 and MP-97 Calculators 
Keyboard Features Summary 

ANQULAR FUNCTIONS Sir Cca T»n. J,""' Coa' 1 Ta" ' "Ou-t-Mx-uiaa 
Sacona Aao.l.o" HevW M"naa»*SacnoOi Crm<a'»9" to &ae>— a H01/1 
DejH Raflaf Ccrtano" Rmar MaffrMll ConwaD- Oayaaa RaO-ara 
G**!i A»gua> Mo3at 

LOGARmtWC FUNCTIONS -Dfl 'Cr* 

STATISTICS: S-*n-anor« « !■ 1, !*• 1», DaWon st un«*ailaO Data 

"■- ■ :■.!■:. . t . ■ 
CONVENIENT MATH FUNCTIONS: - - - »* •** 1 1 ■ • N' V VCH r 
NUMBER ALTERATION FUNCTIONS UrM T^ncatw frirao" TNjf«W»" 

ArjaVula Vaua RouiOinc 
OUPLAVt Ftas cat-a' aoan-'n aMH*Mn| BtftM wo le '0 

a^rrhca't Se>*> s*ua l-m-' a»>3««™ ana aro^caia »o-i 



MP-97 Printing Features 

PRINT HOOI SWTTCH: SaMCtl g-Ming -ooaa Vou 01- p*!«l 0~f rDu «A1 
lo B*pN •^"at ano '."own t j--- jh, o< tfg" antnaa »u"eicia -»»w 
MjMti a"0* IM a-r-a-i .. :o-iax«i 

PRINT I. Pr-n ff« Aapiayail rumOr 

PRINT STACK Rrnta anc taoai* (tie ;oMa^a o< i-« ««■ •agiaWa 
MiMT REQ- Ft.*n »-< imi w cwvaraa d( tra pirmary gala am »aa 



PRINT PROM: P"-ai :o"lai-i» of B-OOlaf maw, 
SPACE *.i.»re»a papa> o«a apa» vriM pr-i^] 

HP-67 and HP-97 Common Programming Features 
Summary 

CAPACITY 2J« tiao* 0 p-Ofl-a- -wc, 1 a*a o+rjmO a-0 eecup, 

ont( o-a nap of p'oo-et" >"a^or») J6 oara ragiaia'a lew | a^tia> aui>"iatic 
■*»a™onj*aiBea Lau • rj fr 

CARD READER FEATURES "atcij uaa a* sata 'opwi voao wac-ao oa*a 
'agiaiaia B*ce>a'.jac a""» roca- -a-^y Ma-g* pirjnai ajDaaccana 
*»jt*ai ~ooa «-5 Hjnnga «nu **>•«» aiBiui a-a raca-oad M DTOgn* 
■acwBtna and MaaakaMSAl M>W uaa* • cwpwo t* dw coandiqp 
*»ar loaong CbtJ opaniitora ca- M aTaHSfl "*a"ja<* a u-car o'& 

pam control laisael p'ogra'" •aeo'engi 

addressing Lao» aoa'aaa.ns i-vaa aao'B»a."g o> iaoa>i am] ova aontaa 
Ra>aG>a adchaav-g 1 8 <ia*»\ao« "t»a a 1 JO uaa'-oadnabia weaW Tn-aa 
Mil C awftrouiaa 'Q58> 

CONOmONALS: .-, .-, ,., .ro .-0 *■ C > -6 'cm Raga 

MM Oae-a-an acaga >ag<aiaf« a-KI a*o 0" J»ro 

EDfTINa. ing-a alap aiacwiior 5 -a-a »'ap awoaea atac MtMa44|HegM 
L-aanOo** aaumfl "oairc* fr« caewaio- al a« t Has N coon* am 
lOTO wi 

OTMEB PROGRAMMING FEATURES R*USE O t,w* "-MrmMata 

■ay " Qaia a> mac BMgaSlI ra/oa 
HP-IT SPECIFICATIONS 

WIDTH USB M Ittsj 
DEPTH »3 2mi-ii|, nt 
HEGHT S3Srwt?Smi 
weight ■ . , ■ 
recharoer weqht 

Shipping WEIGHT j if ag |T di 

OPERATiNQ TEMPERATURE RANOE |t>0 IP *CC | WF « lOA'F) 
CHAROINQ TEMPERATURE RAV3E ICC to *ffC (Sff« «0 •CA'Pl 
STORAGE TEMPERATURE RANGE -AffC Ha SI'C I -AffF « l« *i 
PAPER TEMPERATURE RANGE 1(TC WAS-C <»« W ItTFI 
*C POWER REQUIREMENT OC- 1 jTy o- JO0-S5*V » «o SO H* 
■ATTERV PACK REOUIREMENT SO Vol cadmrum /pc^argaaoa 

HP^T SPEOPlCATIONS 

.EN3T- iH4w",S,«i 
WOm S> mm a 2 i"l 
HE«X» if to 34 am (0T 10 1 4^. 
WEIGHT 147 g M t Oil 
■ECHARG6R WEIGHT lalfllsn 
Shipping weOht 1 1 ag g «t 

OPERATING TEMPERATURE RANGE lift «a 40'C iSTF m ||efff 
ZHARG'NG "EMPERATuhE RANGE 'ffC ro affC iStrf lo 104-P. 
STORAGE TEMPEHATUOE RANGE -a£TCMBS-Ci AffFioiSi'F, 
AC ROWER REQUIREMENT SS-IJTv 0> 'T2J5AV 50OS0H* 
BATTEpv POWER REOU-REMENT ) VOC new saflmum racaifgaaM 
banary uca 
PRICES IN US A.: HP** UK MP-97 »TSC 
MANUFACTURING OiVlSKJN CORVALliS DM81C* 

'000 N£ GtMluMi 
Co-vana Otago- 973J0 USA 
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High-Power Solid-State 5.9-1 2.4-GHz 
Sweepers 

Two new RF plug-ins for the 8620C Sweep Oscillator 
produce more than 50 mW of output power, thanks 
to a new gallium arsenide field-effect transistor. 

by Louis J. Kuhlman, Jr. 



IN MICROWAVE MEASUREMENTS, high-power 
sweep oscillators are often needed to increase 
dynamic range, improve accuracy, saturate ampli- 
fiers, or overcome system losses. 

■ Measurement dynamic range is limited by either 
detector saturation or sweeper output power. In 
measurements involving high insertion loss, dyna- 
mic range can benefit directly from increased out- 
put power. 

■ Measurement accuracy can be improved by using 
attenuators to reduce mismatch errors and resistive 
power separation devices to reHiire frequencj' 
response errors. No loss in dynamic range results 
if the sweeper can compensate for the resistive 
loss with additional power. 

■ When measuring the distortion and power han- 
dling capability of an amplifier, sufficient power is 
required to compress gain to the desired level. 
Also, mixer conversion loss measurements are a 
function of local oscillator drive, so extra sweeper 
output power allows a wider range of devices to 
be measured. 




Fig. 1. Compact Moaei 8620C Sweep Oscillator produces 
over 50mWo< output powe r with either the 86242C RF Plug-In 
lor the 5 9-fo-9 O-GHz range or the 86250C RF Plug-in lor the 
5 9-to-t2 4-GHz range 



High-power swept measurements have normally 
been made using bulky and expensive backward- 
wave-oscillator (BWO) sweepers or traveling-wave- 
tube (TWT) amplifiers. The BWO or TWT tubes in 
these units require periodic replacement. Also, the 
user has to buy another system in addition to his 
modern solid-state sweeper. 

Two new high-power plug-ins for the 8620C 
sweep oscillator solve this problem by using a recent- 
ly designed 100-mW GaAs FET amplifier covering 
the entire 5.9-1 2.4-GHz range. The 86242C RF Plug-In 
has a frequency range of 5.9-9.0 GHz and the 86250C 
has a frequency range of 8.0-12.4 GHz. The compact 
8620C/86242C and 8620C/86250C (Fig. 1) are the 
highest-power microwave solid-state sweepers cur- 
rently available. 

Designed to meet the requirements of all major 
sweeper applications, the new sweepers provide 
more than 17 dBm of power, leveled within ±0.5 dB 
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Ins Internal leveling option levels power within iO 5 dB 
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with the internal leveling option (see Fig. 2). When 
used with the HP 8755 Frequency Response Test Set, 
no external modulator is required; therefore, full 
output power is available for measurements. 

Plug-In Design 

As Fig. 3 shows, the basic elements of the new plug- 
ins are the YIG-tuned oscillator (YTO) and the GaAs 
FET amplifier/modulator. The YTO is tuned by a cur- 
rent-induced magnetic field. The YTO driving circuit 
has been described in detail elsewhere. 1 

Power leveling in the plug-ins is achieved by 
sensing the output power with a broadband direc- 
tional coupler and detector, comparing this signal to 
a level control voltage, and applying the error signal 
to a PIN-diode modulator. This modulator is built 



into the GaAs FET amplifier. 

As Fig. 4 shows RF power leveling is accomplished 
by controlling the operation point of the PIN modu- 
lator as a function of V sense and V sel . V sense is a voltage 
derived by detecting and amplifying a small portion 
(-20 dB) of the output signal. V sef is a reference vol- 
tage; its magnitude is determined by the front-panel 
power level control. 

In the loop. V sense and V se , are summed, and their 
sum is compared to zero volts at the preamplifier. 
Any deviation from zero is amplified and used to shift 
the modulator operating point, changing V sen , e so 
that its sum with V SBI is returned to zero. 

In externally leveled applications the ALC loop 
gain must be adjusted to compensate for variations 
in RF coupling ratio and detector speed of response. 



A 5.9-12.4-GHz GaAs FET Power Amplifier 



The GaAs FET power amplifier in the 86242C and 86250C RF 
Plug-Ins provides 10-dBgainat 1 00-mW oulpul power and 0-60 
dB of attenuation with an input PIN modulator A single amplifier 
design covers the full 5 9-1 2 4 GHz range, using five 1 -jim-gate 
GaAs FETs produced by HP Up to now, most GaAs FET design 
efforts have concentrated on either low-noise broadband per- 
formance' or narrow-band high-power (>1 watt) output. 2 This 
amplifier appears to be the first application of GaAs FETs in 
broadband medium-power amplification The high carrier mo- 
bility and power efficiency of the GaAs FET make reliable solid- 
state replacements for backward-wave-oscillator (BWO) 
sweepers possible 

Typical mput-to-output isolation of a GaAs FET at 1 0 GHz is 25 
dB or greater This property allows very successful application 
of unilateral design approaches. 3 that is. input and output 
matching structures are designed with knowledge that they do 
not interact significantly 

A simplified input and output equivalent circuit for the GaAs 
FET is shown in Fig 1 Matching circuits transform the input and 
output impedances to obtain broadband matching for gam and 
power The input and first interstage matching circuit are de- 
signed for maximum small-signal gam The second and third 
stages, which employ two GaAs FETs m parallel, are designed 
for maximum large-signal power gain 



7.5 to 2011 
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R ou t 
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Fig. 1. GaAs FET input and output simplified equivalent 
circuits 0 

Impedances presented to the dram for maximum large-signal 
gam were measured with external tuners and large-signal RF 
conditions Results of these large signal measurements and 
other design considerations have been described elsewhere ' 



Assembly 

Assembly procedures have been established to protect the 
GaAs FET from mechanical and electrical damage during hand- 
ling The GaAs chips are first pulse-soldered to a gold-plated 
copper pedestal for good heat sinking, mput-to-output isolation, 
and ease of handling during later assembly steps Sapphire 
matching circuits are soldered onto a single earner, leaving 
space for the FET/pedestai assemblies Epoxy attachment of 
the FET'pedestal assembly to the microcircuit makes it easier to 
replace faulty active devices Temporary grounding bonds are 
attached to the FET contacts to eliminate the possibility of elec- 
trical damage by static discharge and transients during sub- 
sequent processes An assembled 100-mW 5 9-12.4-GHz 
GaAs FET amplifier is shown in Fig 2 
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Fig. 2. 100-mW 5 9-10-12 4-GHz GaAs FET amplifier 
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Fig. 3. Ma/or elements ol the new RF plug-ms are the YiG- 
tuned oscillator and the GaAs-FEJ amplitier modulator 

With many commercial sweepers the power level 
changes when the Al.Cgain is adjusted, making gain 
and power adjustment an iterative procedure. This 
problem has been solved in the 86242C and 86250C 
by summing V 5ense and V se , before the gain control. 
Both voltages are attenuated equally, so Ihey main- 
tain a constant ratio and produce a constant output 
power. 

Direct 8755 Modulation 

A primary design goal was to allow direct modula- 



tion of the instrument when used with the 8755 
Frequency Response Test Set. This eliminates the 
need for the external modulator normally used in this 
application, and as a consequence, makes the full 
+ 17 dBm available to the device under test. 

Satisfying this requirement meant that the RF 
power would be modulated by the 27.8-kHz square 
wave modulation signal produced by the 8755A. 
The RF power would have to have a minimum on'off 
ratio of 40 dB and maintain 40'60 symmetry over the 
20-dB range of the power level control. 

The design solution makes the loop become a 
sample-and-hold circuit during the time the RF 
power is blanked. When the RF power is enabled, the 
output of the ALC main-amplifiensample-and-hold 
will be the same as before the RF power was blanked. 
The PIN modulator current is the same, the RF power 
is the same, and the sum of V se , and V sense is zero. 
Thus the loop can stabilize without having to slew 
fast enough to respond directly to the 27.8-kHz 
modulation. 

FM Driver 

The FM driver block diagram is shown in Fig. 5. 
The FM input signal is split into high and low-fre- 
quency paths. The low-frequency signals are sent to 
the YTO driver to allow frequency deviations of up 
to ±150 MHz. 

The YTO FM coil is driven by a differential cascode 
amplifier. This achieves ±5-MHz frequency devia- 
tion at a 5-MHz modulation rate, as well as a ± 1 ,5-dB 
small-signal frequency response from dc to 10 MHz. 
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The GaAs FET in Microwave Instrumentation 

by Patrick H. Wang 



Ever smce the GaAs Schottky-bamer-gate FET (GaAs 
MESFET) was proposed by C A Mead' m 1966, it has been 
generally considered the device ol the future for microwave ap- 
plications Initial development of the GaAs FET was slow, but 
significant breakthroughs In fabrication technology and 
material handling In 1970 and 1971 allowed realization of the 
device's promise. One-micrometre-gate-iength MESFETs with 
an f m a . of 50 GHz and useful gam up to 18 GHz became avail- 
able from various research laboratories 

Today we are seeing what might be called a "GaAs FET 
revolution'' in the microwave semiconductor industry GaAs 
FETs with a 3 5-dB noise figure at 10 GHz for low-noise ampli- 
fier applications and power GaAs FETs with one-watt output 
power beyond 8 GHz are readily available commercially Be- 
sides serving as microwave amplifiers. GaAs FETs are begin- 
ning to be used in many novel applications such as microwave 
oscillators, mixers, modulators, and digital switching 

As a three-terminal microwave device, the GaAs MESFET has 
two fundamental advantages over silicon bipolar transistors 
First, the GaAs FET is a unipolar device, its operation depends 
upon majority carriers only Electron mobility m GaAs is six 
times higher than m silicon and peak drift velocity is two 
times higher This gives the GaAs FET a larger transconduc- 
tance ana a shorter electron transit time, and hence a high 
gam at higher frequencies Second. GaAs FETs are fabricated 
on a semi-msuiating substrate, this greatly reduces parasitic 
capacitances, again improving high-frequency performance 
The silicon bipolar transistor is still very popular m applications 




Fig. I, HP TC-300 gallium arsenide field-ettecl transistor 
chip Scanning electron microscope photo shows i-fim- 
wide gate stripe 



up to 8 GHz, but the GaAs FET has extended the microwave 
solid-state frequency range to beyond 18 GHz, while providing 
an alternative to the bipolar transistor from 2 to 8 GHz 

Device Design 

The HP 86242C and HP 86250C sweepers mark the first use 
of the GaAs FET m microwave instrumentation Each of the new 
plug-ms uses five Hewlett-Packard TC-300 GaAs FETs 

Rg 1 is a photograph of the HP TC-300 GaAs FET used In 
the 5 9-12 4-GHz amplifier The gate is a 1 x500-^m aluminum 
strip. The gate pad is located on the semi-insulating substrate 
with negligible capacitance The layout is optimized for com- 
mon-source operation, with both the dram and source pads 
maximized to allow convenient use of mesh and ribbon bonding 

Fig 2 snows the vertical structure of the FET A thin (0.3-Mm), 
highly doped (10 17 cm" 3 ) n-type epitaxial layer was grown, 
using liquid-phase epitaxial techniques, on a semi-msulating 
substrate. The dram and source ohmic contacts were formed by 
allowing Ge-Au into the heavily doped GaAs layer The 1-jtm 
Schottky-barner gate was formed in deposited aluminum of 
0 7-jim thickness A dielectric passivation layer was applied 
over the active area for protection 

Fig 3 is an equivalent circuit of tne HP TC-300 FET At 10 GHz. 
the TC-300 has typical maximum available gam of 10 dB and 
output power of 17 dBm af the 1-dB gam-compression point 
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Fig. 3. GaAs MESFET equivalent circuit 

Device Reliability 

The lli-V compound materials are still relatively new in the 
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semiconductor industry Therefore, many people are sus- 
picious of GaAs FET reliability From our extensive reliability 
test results and from reports from other leaders In this 
field' 3 . the device itself is very reliable and an MTBF (mean 
time between failures) of 10 6 to 10" hours is expected Even 
though the gate >s made of aluminum with line geometry 
(1 urn x 0 7 ftm). metal migration should not be a problem 
because the gate is not supposed to carry any appreciable 
current Even under heavy RF driving conditions, the gate cur- 
rent can be reduced by a proper negative bias on the gate 
However because me GaAs FET has a very nigh impedance at 
low frequencies, it is more vulnerable to static charge or 
transient spike damage Extreme care must be exercised dur- 
ing device handling and testing, and spike protection circuits 
are recommended 
Acknowledgments 
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the many different phases of the program Their combined 
efforts made the end product possible Special acknowledg- 
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Fig. S. FM anver splits trie FM input signal into high and low 
frequencies Low frequencies go to the YTO driver, high 
frequencies to the YTO FM coil 

his ALC circuit design work and coordination of the 
86242C250C production introduction. The original 
idea of a differential case. ode I'M driver was provided 
by Steve Sparks. Roger Stancliff provided useful ad- 
vice on ALC circuitry. Mechanical design by Bill 
Misson proved cost-effective and easy to assemble. 
Dave Eng provided the industrial design. Micro- 
circuit package design and fabricated part processes 



were provided by Rich Swain and Al Willits. GaAs 
FET microcircuit assembly process development was 
provided by Floyd Bishop. Tom (erse. and Pete 
Planting. Production engineering support came from 
Ken Wong at the instrument level and Val Peterson 
on the microcircuits. The operation and service 
manual was authored by Steve Williams. Tom Babb 
and Jim Arnold developed the instrument field sup- 
port plan. We are also grateful for the leadership of 
lack Dupre during this development project. & 
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New Low-Noise GaAs FET Chip 
has 25-MiIliwatt Output at 10 GHz 

Although the GaAs FET transistor used in the 86242C and 
86250C RF Plug-Ins is not available commercially, a similar 
device is available from HP The first of a new family of gallium 
arsenide Schottky-bamer field-effect transistors from Hewlett- 
Packard, the HFET-1000 chip has a 14 5-dBm linear power 
output at 10 GHz Noise figure at 10 GHz is 3 6 dB typical with 
6 9 dB associated gam. maximum available gam at that fre- 
quency is 1 1 0 dB 

Designed tor general use in telecommunications, radar and 
other iow-noise amplifiers in the 2-to-l2-GHz range, this new 
GaAs FET nas a 1 -by-500-micrometre gate The chip is rugged 
both mechanically and electrically for easy wire bonding and 
die attaching A scratch and dust resistant layer covers the 
active device area 

The HFET-1000 chip shows very good consistency from one 
production run to the next The devces undergo '00% visual 
inspection and dc testing 
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